Absfmcf-We investigate transmission strategies for multiple antenna systems with partial spatial information of channel available at the transmitter. A new beamforming method is proposed in wbich the heamforming matrix is determined from the partial spatial information in a novel hut predefined way; as a result, the re. ceiver also knows the heamforming matrix. With this beamforming scheme, we develop a multiple antenna system concept tbat enables hetter use of the multiple-input multiple-output (MIMO) channels from a channel capacity perspective. The results show that the proposed methods lead to systems wherein the amount of channel feedback information can he signikmtly reduced with a minor sacrifice of achievable transmission rate.
I. INTRODUCTION
In recent years, communication systems with multiple antennas at both the transmitter and the receiver have gathered much attention for high-rate data transmission. The informationtheoretical capacity of the multiple antenna channels has been studied by many researchers, e.g., [I] , [2] . Many previous studies have focused on the following two assumptions about channel state information (CSI): the first is the case where CSI is known to both the receiver and the transmitter [l] , [3] ; and the second is where CSI is available only at the receiver. not at the transmitter [l], [21, [4] . We will refer to the former as complete CSIT and the latter as no CSIT': these will be used as the two references in comparing channel capacities.
We remark that there are gaps between the capacities of the two cases, in particular, when the transmit power is relatively low, or when the number of transmit antennas is greater than the number of receive antennas. In order to achieve the higher capacity of the complete CSIT, the transmitter should perfectly know instantaneous channel information. This research was motivated by a natural insight that there is a trade-off between the improvement in channel capacity and the degree of completeness of the CSI available at the transmitter. In practical situations, particularly, in systems with a feedback channel for the channel state information, the amount of channel information that is required at the transmitter can he too large to handle, There are many applications in which there exists a feedback channel for the channel state information. However, in many real systems, the channel information can not be fully provided to the transmitter, for example, due to a limited transmission capacity of feedback channel or rapid channel variation. In designing such systems, it is important to determine what type of the channel information to feed back while minimizing the loss of channel capacity. In this paper, we consider flat-fading channels with t transmit and T receive antennas which is modeled by an r x t complex ma& H. We propose a heamforming method in wbich the beamforming matrix is determined from a subset of the eigenvectors of H f H in some predefined way; as a result, the receiver also knows the beamforming matrix. With this beamforming scheme, we introduce a new multiple antenna system concept that provides a mechanism to reduce the amount of channel feedback information. It is shown that this system concept leads to schemes wherein the amount of feedback information can be significantly reduced with a minor sacrifice of achievable transmission rate.
SYSTEM MODEL AND BACKGROUND

A. Channel Model
We consider multiple antenna systems with t antennas at the transmitter and r at the receiver. Assuming slow flat-fading, the MIMO channel is modeled by the channel matrix H E CrXt.
That is, the channel input z E @' and the channel output y E @" have the following relationship:
where q E @' is the complex additive wbite Gaussian noise (AWGN) vector with each element being assumed i.i.d. complex Gaussian random variable with zero-mean and unit variance, i.e., E{9qf} = I?. We In this paper, we assume that in all casesperfect CSI is known to the receiver. In addition, it is assumed that the transmitter knows the tint n column vectors of V, where 0 5 n 5 m, or the first n eigenvectors of HtH, as partial spatial information of the channel. This assumption includes the two extreme cases: i) n = m is the case that the transmitter has same spatial information as in the complete CSIT case; and U) n = 0 accounts that no spatial information is available at the transmitter as in the no CSIT case. This paper mainly considers the cases of 0 < n < m; these comesponds to partial CSIT cases. Let us denote by CHH the capacity of MIMO channels with CSI fully known to both the transmitter and the receiver (complete CSIT); by C#H the capacity with CSI known only to the receiver (no CSIT). When the transmitter knows the channel information, the optimum power allocation can be solved by water-filling over m independent spatial channels [I] . The capacity is given by
where A, = U: is the i-th largest eigenvalue of H t H (or H H t ) , and {P,} are the transmit powers allocated on the transmit symbol s E C'(z = Vs), i.e., QS = E{sst} = diag(P1,. . . , P t ) .
[a]+ is defined as "{a, 0) and v is the level of water-filling satisfying the power constraint: zz1 [u -k] = PT.
+
On the other hand, when the transmitter has no knowledge about the channel, it is optimal to use an equal power allocation In a system where single data stream is transmitted over t transmit antennas after passing through a beamformer w E Ct, the optimum choice of w is the first eigenvector of Ht H, or, U I . This transmission scheme is called maximal-ratio transmission (h4RT). The choice of the beamformer as w = w1 is optimal in terms of maximizing the received signal-to-noise ratio [IO]. In addition, it can be easily shown that the beamformer choice of w = zil is also optimal in the sense of max&g the mutual information.
A generalization of the MRT for a system with n > 1 data streams is to employ n different beamformers for each data stream. In [lll, it was discussed that the optimum beamformer, for the case when n < m, is likely to be VI. The transmitter uses only the n known spatial channels, that is, transmitting n data streams using then eigenvectors. We will call this scheme extended MRT. Since the receiver knows the channel parameters, the channel can be decomposed into n parallel channels with different channel gains. As a result, with this strategy, one can employ conventional scalar coding to each spatial channel. But, because the inherent multiplexing capability of the multiple antenna channel is not fully exploited, it will be shown later that this strategy is inferior to the transmission strategies we propose in the following.
E . The Beamfonning Method and New Multiple Antenna Sysrem Concept
To fully exploit potential multiplexing capability of the channel. we propose a new and improved beamforming method that also utilizes the orthogonal complement of the space spanned by VI. A beamfanning matrix W E Ctxt is generated as a function of VI in a predefined manner. Since the receiver has knowledge of VI, the receiver is also aware of the beamforming matrix that the transmitter will use. This property enables us to conceive of a new multiple antenna system concept which is de- where Ip is p x p identity matrix and 0 is n x (t -n) zero matrix. for generating vz at the transmitter, the generating mechanism is assumed to be known at t h~ receiver so that the receiver can also independently generate Vz and, hence, W .
2)
With the proposed heamfonning scheme. we develop a new multiple antenna system concept that can potentially lead to a reduction in the amount of channel feedback information. It involves I) Based on U ' , calculation for optimal power allocation
2) The power allocation result is provided to the transmitter The first step above will be described in detail in the next Section. It results in t real values, each is bounded between 0 and I. and sum up to be 1. Then, the total channel feedback information is n t-dimensional complex vectors, i.e., VI, plus t real values in [O,l] . Thus, in most systems, in panicular, when the number of transmit antennas t i s large, the amount of feedback information can be significantly reduced.
over transmit symbols is performed at the receiver.
as additional CSF.
C. Channel Decomposition
Now, we will show that by using the proposed beamforming method the original MIMO channel is decomposed into two parts. The transmitted signal 2: is given by where s = [sl, E C', s1 E Cn, and s2 E Tbe receiver pre-multiplies the received signal y = H s + 4
by Lit to have J = Uty. UGng the panitioned matrices of compatible sizes to W = [VI, Vz], J can be written as follows:
where 51 E en, JZ E C('-"), diagonal matrices C1 E RnXn and CZ E R('-")x(t-n) contain u l , . . . , un and . . , um, respectively, and zero matrices are of suitable size. Equation (5)
results from the facts that V$VI = I,, qtv2 = 0, and @I$ =
0.
We can see that the MIMO channel has been decomposed into n non-interfering parallel channels and a new coupled MIMO channel with a channel manix HZ = &V,'% in GI = CIS1 +ill (6) J 2 = H~s z +~~z ( 
7)
We will refer to the first channel of (6) as the C1 channel, and the second channel of (7) 
H c(r-n)X(t-n) . Th at is, '
By the following Lemma, we show that the mutual informa- 
H IV. MIMO CHANNEL WITH PARTIAL CSIT
In this section, we derive the ergodic channel capacity and the optimum transmit power allocation schemes for the MIMO system with partial CSIT described in the previous sections.
As we discussed in the previous Sections, hy using a beamforming matrix generated in a predefined way, the beamforming matrix W is also known to the receiver. In this Section, we discuss the transmission schemes and accompanying optimum power allocation solutions that take advantage of receiver's knowledge of the channel. For simplicity, we define an equivalent channel mabix A = U t H W , or CVt W , which represents the channel between s and 0, i.e., J = As + ij. The above maximization problem is complex, and, except in some special cases, it requires the use of numerical optimization methods. Fortunately, this optimization problem is matched to the so-called determinant maximization problem [I31 and can be solved numerically by using MAXDET algorithm [141. The optimal power allocation for the HZ channel, in general cases, turned out to be unequal even for the symbols over the HZ channel. In this scenario, the channel feedback information is VI and the power allocation (71,. . . ,yt), where T~ is defmed as PJPT. We can find closed-fonn expressions in the following practically important cases. where j' = argmaxvsj-;t la?,,/ , Notice that the channel we consider consists of T parallel Gaussian channels with each channel having a channel gain, q , . . . , ~~-1 , ul. la,,j. I, respectively. Thus, the conditional channel capacity can be solved by conventional water-filling over the T noisy channels with equivdent noise levels of (1/u:, . . . , I/U:-~, l/u: larJ. 1 ).
By
The above result implies that the channel feedback information is VT and the index for i' that indicates the antenna. amone The above analysis indicates that if the index for i* is available at the transmitter via some feedback we can obtain higher channel capacity than that of no CSIT case. This can he interpreted as transmit antenna selection method in which at a given time only one antenna that provides the best link to the receiver is used in transmitting data.
B. CaseII: when t 2 T andn = T -1 case, the equivalent channel A is given by Anexampleofthiscaseisr=Z,n= 1 , a n d t 2 2 . Inthis
V. NUMERICAL RESULTS
For comparative studies, we consider the extended MRT scheme. The transmitter is also assumed to know VI, and only n spatial channels are used for transmission. That is, all the transmit power PT is allocated only to the C1 channel in a water-filling manner. It is equivalent to the case where the H2 channel in our system model is not used. Since the extended MRT scheme abandons a chance for the additional potential gain from the H2 channel, it is surely inferior to the proposed scheme. By looking at the problems in points of optimization, we can easily see the following relationships between capacities with different CSI assumptions and transmission strategies.
Although the proposed system is irrelevant to the channel we considered the MEMO The channel gain matrix independent to the transmit symbols s and the additive noise 17. with i.i.d. enuies, each having transmission scheme, with parameters (t = 4, T = 2) and (t = independent real and imaginary parts with zero-mean and vari- where aij is defined as the inner product between the i-th column of V and the j-th column of W , i.e., T I j I t. Therefore, the channel can be expresses as follows: 
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Constraint, PT (a) and transmission strategies (t = 6 and P = 3).
Ergodic capacities of MIMO channel with different CSI assumptions
